INTRODUCTION
Endocytosis and phagocytosis of microbial pathogens, virus-infected cells, and cancer cells is essential for their immune clearance by phagocytes of the immune system (Fairn and Grinstein, 2012; Neefjes et al., 2017) . In addition, dendritic cells present peptides derived from ingested antigens on major histocompatibility complex (MHC) classes I and II to T lymphocytes and are thereby responsible for the initiation of adaptive immune responses (Banchereau and Steinman, 1998) . There are various types of endocytosis and phagocytosis, which differ in the receptors engaged, the role of the cytoskeleton, cage proteins, and lipid composition (Fairn and Grinstein, 2012; Levin et al., 2015; Nunes et al., 2013) . Following uptake, endosomes and phagosomes undergo a transition from early to late endo/phagosomes and eventually to lysosomes. This process is mediated by membrane remodeling called maturation, where endosomes and phagosomes fuse with other endosomes and lysosomes and recruit cytosolic proteins to their membranes, such as Rab-GTPases and tethering factors (Egami, 2016; Fairn and Grinstein, 2012; Flannagan et al., 2012; Naufer et al., 2018; Neefjes et al., 2017; Uribe-Querol and Rosales, 2017; Vieira et al., 2003) . Early endosomes and phagosomes are only mildly acidic or even basic (Flannagan et al., 2009; Mantegazza et al., 2008; Savina et al., 2006) , whereas lysosomes and phagolysosomes are very acidic due to activation of vacuolar proton pumps (pH < 5; Trombetta et al., 2003) and have increased presence and activity of metabolic enzymes for the degradation of ingested material (Kinchen and Ravichandran, 2008) .
The MHC class II loading of proteolytically derived peptides occurs within specialized lysosome-like compartments called MHC class II compartments (MIIC) (Amigorena et al., 1994; Calafat et al., 1994; Castellino and Germain, 1995; Sadegh-Nasseri, 2016; Tulp et al., 1994; West et al., 1994) . Within these acidic luminal compartments, the non-polymorphic chain of MHC class II Ii is proteolytically activated by its cleavage, reducing it to the 24-amino acid class II-associated Ii peptide (CLIP) (Jasanoff et al., 1999) . Ii is a chaperone carrying sorting signals on its cytoplasmic tail and interacting with MHC class II thereby controlling its trafficking from the endoplasmic reticulum to the trans-Golgi network (TGN), endosomal compartments, and eventually to the cell surface (Jones et al., 1978; Teyton et al., 1990) . Ii prevents premature antigen loading into the cleft of MHC class II, whereas CLIP can be exchanged in MIIC for an antigen peptide by the chaperone human leukocyte antigen (HLA)-DM. The protease cathepsin S (CatS) plays an essential role for Ii processing to CLIP and for the proteolytic processing of ingested antigen (Honey and Rudensky, 2003; Riese et al., 1996; , and only three cathepsins (CatB, CatH, and CatS) suffice for generating essential immunodominant epitopes in vitro (Kim et al., 2014a) .
A central hallmark of endo/phagosomal maturation is the progressive change in the content of phosphoinositide lipids on the endosomal and phagosomal membrane (Levin et al., 2015; Shisheva, 2001) . These phosphoinositides are important for endo/phagosomal maturation, as they are major determinants of organellar identity and form anchor points for numerous proteins involved in membrane trafficking or cytoskeletal tethering Levin et al., 2015) . Within minutes after uptake, phosphatidylinositol 4,5-bisphosphate, which is the main phosphoinositide species at the plasma membrane, is converted into phosphatidylinositol 3-phosphate (PI(3)P) by various kinases and phosphatases. PI(3)P is the main phosphoinositide species at early endosomes and phagosomes and resides there for 5-10 min (Ellson et al., 2001a; Fratti et al., 2001; Gillooly et al., 2000; Vieira et al., 2003) before the acidification of these organelles (Naufer et al., 2018) . The maturation of early into late endo/phagosomes and lysosomes requires the conversion of PI(3)P into phosphatidylinositol 3,5-bisphosphate (PI(3,5)P 2 ) (Ho et al., 2012; Sbrissa et al., 2002) . PI(3,5)P 2 is a low-abundance phosphoinositide amounting to 0.04%-0.1% of the total phosphoinositide pool (Ho et al., 2012; McCartney et al., 2014) . Phosphoinositide 5-kinase (PIKfyve; yeast ortholog Fab1p) is the sole enzyme capable of producing PI(3,5)P 2 from PI(3)P, which it targets via its FYVE domain (Ho et al., 2012; Sbrissa et al., 2002; Shisheva et al., 2015) . Blocking of PIKfyve activity delays phagosomal maturation, leading to the buildup of cellular PI(3)P and a drastic reduction of cellular levels of PI(3,5)P 2 (Hazeki et al., 2012; Kim et al., 2014b) . Given the late endosome/lysosome-like nature of MIIC, a role of PI(3,5)P 2 and PIKfyve in MHC class II presentation can be expected, but has not been shown.
PIKfyve can be inhibited by two small molecule inhibitors: apilimod (STA-5,326) (Cai et al., 2013) and YM201636 (Hazeki et al., 2012; Jefferies et al., 2008) . Apilimod was originally developed to treat inflammatory diseases (Burakoff et al., 2006; Krausz et al., 2012; Sands et al., 2010; Wada et al., 2007 Wada et al., , 2012 and was later found to specifically target and inhibit PIKfyve (Cai et al., 2013) . YM201636 is a specific antagonist of PIKfyve (Jefferies et al., 2008) , and although it has not been tested in clinical trials, it is commonly used to inhibit PIKfyve (Compton et al., 2016; Gomez et al., 2018; Hazeki et al., 2012; Ikonomov et al., 2009; Kerr et al., 2010; Kim et al., 2014b; Krishna et al., 2016; Sbrissa et al., 2012) . Pharmacological inhibition of PIKfyve or expression of a dominant negative form of PIKfyve Jefferies et al., 2008; Shisheva, 2001) causes the formation of enlarged (''foam-like'') vacuoles (Cai et al., 2013; Dong et al., 2010; Jefferies et al., 2008; Min et al., 2014) , likely because of osmotic differences caused by the reduced activity of PI(3,5) P 2 -dependent cation channels such as the lysosomal cation channel TRPML1/MCOLN1 (Compton et al., 2016) . These enlarged vacuoles are likely endosomes that cannot be reformed into lysosomes (Bissig et al., 2017) , and their formation can be used as a readout of depletion of cellular PI(3,5)P 2 (Kim et al., 2014b) .
Given the role of late endosome/lysosome-related MIIC in the proteolytic processing of antigen and subsequent MHC class II loading, we hypothesized that interfering with PIKfyve activity would inhibit the degradation and presentation of antigen by dendritic cells. To address this hypothesis, we studied the effects of PIKfyve inhibition by apilimod and YM201636 on endo/phagosomal maturation, protease activity, and antigen presentation. As reported (Cai et al., 2013 (Cai et al., , 2014 , PIKfyve inhibition blocked interleukin (IL)-12 secretion in monocyte-derived dendritic cells. PIKfyve inhibition also affected the maturation of phagosomes, with impaired acidification and lower recruitment of the lysosomal proteins lysosome-associated membrane protein 1 (LAMP1) and mannose 6-phosphate receptor (M6PR) to phagosomes, whereas the early phagosomal markers PI(3)P and EEA1 were more abundant (Compton et al., 2016; Dayam et al., 2017; Dove et al., 2009; Gayle et al., 2017a; Gomez et al., 2018; Hazeki et al., 2012; Ikonomov et al., 2009; Kerr et al., 2010; Kim et al., 2014b; Krishna et al., 2016; Sbrissa et al., 2007 Sbrissa et al., , 2012 . Moreover, inhibition of PIKfyve selectively blocked the activity of cathepsin B and S, and this resulted in an increased presence of Ii-bound MHC class II within the cell, but not on the cell surface. PIKfyve inhibitors caused prolonged presence of the NADPH oxidase NOX2, which is present on early, but not late, endosomes and phagosomes (Dingjan et al., 2017a (Dingjan et al., , 2017b . This resulted in increased reactive oxygen species (ROS) production, leading to lower activity of CatS. We show that the impaired processing of Ii and MHC class II trafficking defects upon blockage of endo/phagosomal maturation with PIKfyve inhibitors results in lower MHC class II antigen presentation. This was demonstrated with a novel assay based on a viral antigen carrying an unnatural amino acid amendable to bio-orthogonal labeling of the MHC-class-II-presented epitope. The combined effects of reduced proteolytic processing and reduced MHC class II presentation upon blocking PIKfyve result in an impaired activation of antigen-specific T cells. These results show a key role for PIKfyve in T cell activation, and this should be taken into consideration for the use of PIKfyve-targeting drugs in clinical trials.
RESULTS

PIKfyve Inhibition Delays Phagosomal Maturation
We started by determining whether PIKfyve would localize to antigen-containing compartments. To visualize the localization of PIKfyve in live cells, we transfected dendritic cells differentiated from human-bloodderived monocytes with plasmids coding for GFP-tagged PIKfyve (PIKfyve-GFP) ( Figure 1A ; Video S1). The actin cytoskeleton was visualized by simultaneous transfection with a plasmid coding for the F-actin-binding probe LifeAct fused to the red-shifted fluorescent protein mRFPruby . Late endo/ phagosomes and lysosomes were identified with LAMP1 fused to red fluorescent protein (RFP) ( Figure 1B ; Video S2) (Sherer et al., 2003) . The dendritic cells were pulsed with the model pathogen zymosan, relatively large yeast-derived particles (4-5 mm diameter) that allow for the unequivocal assignment of phagosomal localization of candidate proteins by microscopy and result in an increased expression of PIKfyve (Figure S1A) . We observed that PIKfyve-GFP was recruited within 2 min after the formation of the phagosomal F-actin cytoskeleton ( Figure 1A) , which we recently showed is formed at the nascent cup of emerging phagosomes by tethering to phosphatidylinositol 3,4-bisphosphate (PI(3,4)P 2 ) and is subsequently removed after closure of the phagocytic cup . At later time points after uptake (>7 min), the signal of PIKfyve-GFP gradually decreased at the phagosomes, whereas the signal of LAMP1-RFP increased ( Figure 1B ). We also immunostained zymosan-pulsed dendritic cells expressing PIKfyve-GFP for endogenous LAMP1 as well as for the early endosomal marker EEA1 ( Figure 1C ). EEA1 is known to bind to early endo/phagosomes by interactions of its FYVE domain with PI(3)P (Ho et al., 2012; Sbrissa et al., 2002) , which is the substrate for PIKfyve. PIKfyve-GFP was partially co-residing with EEA1 on phagosomes, whereas overlap with LAMP1 was lower ( Figure 1D ). Together, these results show that PIKfyve is recruited to phagosomes within minutes after their formation and remains present at early phagosomes before their conversion into late phagosomes.
Next, we validated the reported inhibition of endosome and phagosome maturation by blockage of PIKfyve activity with apilimod and YM201636 (Compton et al., 2016; Dayam et al., 2017; Dove et al., 2009; Gayle et al., 2017a; Gomez et al., 2018; Hazeki et al., 2012; Ikonomov et al., 2009; Kerr et al., 2010; Kim et al., 2014b; Krishna et al., 2016; Sbrissa et al., 2007 Sbrissa et al., , 2012 . We selected concentrations of 200 nM apilimod (Cai et al., 2013; Compton et al., 2016; Terajima et al., 2016; Wada et al., 2012; Wong et al., 2017) and 4 mM YM201636 (Currinn et al., 2016; Ikonomov et al., 2009 ), which did not significantly affect the viability of the dendritic cells, although metabolic activity was somewhat affected by apilimod (by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay; Baranov et al., 2017; Dingjan et al., 2016) and YM201636 treatment non-significantly increased the fraction of early apoptotic cells (by annexin V staining; Figures S1B-S1D). These concentrations were used in previous studies and resulted in inhibition of IL-12 production by the dendritic cells (Cai et al., 2013; Wada et al., 2012 ) ( Figure S1E ). Treatment of dendritic cells with apilimod or YM201636 resulted in massive cellular vacuolization ( Figure S1F ), a well-known effect of PIKfyve inhibition (Cai et al., 2013; Dayam et al., 2017; Krishna et al., 2016) . This vacuolization was also observed when a dominant negative form of PIKfyve was expressed (PIKfyve-GFP with K1831E [Cai et al., 2013; Ikonomov et al., 2001; Sbrissa et al., 2000] ) ( Figure S1G ) and with small interfering RNA (siRNA) knockdown ( Figure S1H ). Moreover, treatment of dendritic cells by apilimod or YM201636 compromised phagocytosis of the zymosan particles as well as endocytosis of fluorescently labeled albumin by almost half (Figures S1I and S1J). Previously reported PIKfyve perturbations led to inhibition of IgG-latex bead uptake by neutrophils (Dayam et al., 2017) and mouse RAW 264.7 macrophages (Kim et al., 2014b) and to lower Escherichia coli uptake by RAW 264.7 macrophages (Wong et al., 2017) . To account for this reduced antigen uptake, we present our results relative to the total number of phagosomes per cell. Both apilimod and YM201636 treatment resulted in blockage of phagosome maturation, as apparent from a reduced fraction of LAMP1 and increased fractions of EEA1-positive (Figures 2A and 2B ) and PI(3)P-positive phagosomes ( Figures 2C and 2D ). In addition, phagosomal recruitment of M6PR, another late endosomal marker that is involved in trafficking from the TGN to lysosomes, was also reduced upon apilimod and YM201636 treatment (Figures S1K and S1L). To exclude off-target effects of the drugs, we performed siRNA knockdown of PIKfyve. Even though we only reached an 50% knockdown efficiency of PIKfyve by qPCR ( Figure S1M ), this led to a reduced recruitment of LAMP1 to phagosomes ( Figure S1N ) similar to the small molecule inhibitors. Finally, acidification of the phagosomal lumen was reduced by apilimod or YM201636 treatment, as shown by experiments with zymosan conjugated to pHRodo, a pH-sensitive dye with increased fluorescence at low pH (Figures 2E and 2F) . Similar blockage of acidification was observed with PIKfyve siRNA knockdown ( Figure 2G ).
Cathepsin B and S Activities and Proteolytic Activation of MHC Class II Are Reduced upon PIKfyve Inhibition
Phagosomal maturation and acidification are necessary to trigger the activity of hydrolases involved in the degradation of ingested antigen, and thereby for deriving antigenic peptides for presentation in MHC class II (Blum et al., 2013; ten Broeke et al., 2013) . A major class of proteases are cysteine cathepsins, named after the catalytic cysteine located within their active sites (Verma et al., 2016) and consisting of 11 family members present in endosomes, phagosomes, and lysosomes (Turk et al., 2012) . CatS is predominantly expressed by professional antigen-presenting cells, such as dendritic cells and B cells (Blum et al., 2013) and, unlike other cathepsins, is active not only in acidic but also in neutral and slightly alkaline environments (Jancic et al., 2007; Kirschke et al., 1989) . As we observed that inhibition of PIKfyve by apilimod or YM201636 impaired lysosomal acidification and affected trafficking to late endosomes/lysosomes, we hypothesized that this would alter the activity of cathepsins. We applied the activity-based probe BMV109 to living cells before lysis (Verdoes et al., 2013) . The BMV109 probe results in covalent attachment of a fluorophore to the catalytic sites of active cysteine cathepsins (Verdoes et al., 2013) , thereby allowing for the quantitative assessment of their activities by in-gel fluorescence ( Figure S2A ). We compared unstimulated and zymosan-pulsed dendritic cells treated with apilimod or YM201636 ( Figure 3A ). Analysis of protein levels by western blot showed that PIKfyve inhibitors did not cause changes of total cathepsin levels (Figure S2A) . For unstimulated cells, we observed reduced cathepsin B and S activities by treatment with apilimod or YM201636, whereas the activity of cathepsin X was not altered (Figures 3B, 3C , and S2B). However, stimulation of the cells with zymosan diminished these effects, and significant differences in cathepsin activity could no longer be detected after 1-hr incubation. Immunolabeling of endogenous CatS in phagocytic dendritic cells was visible at the core of the zymosan particles ( Figure 3D ). Microscopy experiments with the activity-based probe BMV109 confirmed that this is the site of cathepsin activity (Figures S2C and S2D) . BMV109 signal became apparent at phagosomes 30-60 min after zymosan uptake and was present in LAMP1-positive phagosomes ( Figure S2C ). Immunofluorescence microscopy revealed that the majority of CatS-positive phagosomes are also LAMP1 positive ( Figure S2E ). Treatment with apilimod or YM201636 reduced the signals of both CatS immunostaining (Figures 3D-3E) and BMV109 (Figures S2D Figure 2 . PIKfyve Controls Phagosomal Maturation (A) Confocal images of representative dendritic cells treated with apilimod (200 nM) or YM201636 (4 mM) for 3 hr and pulsed with zymosan 1 hr before fixation. DMSO, vehicle control. Cells were immunolabeled for LAMP1 (magenta in merge). Blue, DAPI staining. BF, brightfield. (B) Quantification of (A) normalized to the total number of phagosomes per cell (150 phagosomes per condition per donor; mean G SEM of three donors for EEA1 and six donors for LAMP1). (C) Epifluorescence microscopy of representative dendritic cells expressing GFP-tagged phosphoinositide-probe for PI(3)P based on PX domain of NCF4 (PI(3)P; green in merge) and immunolabeled for LAMP1 (magenta). The cells were treated as in (A). Yellow arrowheads, PI(3)P-positive phagosomes; cyan arrowheads, LAMP1-positive phagosomes. (D) Quantification of (C) normalized to the total number of phagosomes per cell (116 phagosomes per condition per donor; mean G SEM of three donors). (E) Confocal imaging of dendritic cells treated with DMSO, apilimod, or YM201636 for 3 hr before addition of pHRodo-labeled zymosan 1 hr before live imaging. The color intensity of pHRodo (magenta) scales with acidic pH. Cyan in merge, Hoechst. (F) Quantification of (E); MFI, mean fluorescence intensity (mean G SEM for three donors, 1,000 phagosomes per condition per donor). (G) Same as (F), but now with siPIKfyve (400 phagosomes per condition per donor; see also Figure S1M for knockdown levels). Scale bars: 10 mm. *P < 0.05, **P < 0.01, ***P < 0.001. See also Figure S1 . and S2F) at the phagosomes, indicating that trafficking of CatS to phagosomes is reduced by PIKfyve inhibitors. To determine whether the reduced CatS activity was solely attributable to its reduced recruitment to phagosomes upon PIKfyve inhibition, we performed experiments with BMV109 in lysates of dendritic cells ( Figure S3A ). For some conditions, apilimod and YM201636 still reduced the signal of BMV109 for CatS, whereas the signals for cathepsins B and X were unaltered ( Figures S3B and S3C ). We conclude that the reduced CatS activity upon PIKfyve inhibition is not solely due to altered trafficking, because CatS activity is also reduced in cell lysates.
CatS is expressed at high levels by dendritic cells and has a strong immunological relevance, because it controls the generation of CLIP (Honey and Rudensky, 2003; Riese et al., 1996; . Within endolysosomes, CLIP is derived from the invariant chain Ii via the intermediate fragments Iip23 and Iip10 (Amigorena et al., 1995; Neefjes and Ploegh, 1992; . The final processing of Iip10 into CLIP is mediated by CatS. The inhibition or loss of CatS in mice (Nakagawa et al., 1999; Shi et al., 1999) causes accumulation of Iip10-bound MHC class II in endo/lysosomal compartments, impeding MHC class II trafficking to the cell surface (Brachet et al., 1997; Riese and Chapman, 2000) . As inhibition of PIKfyve results in reduced activity of CatS, we hypothesized that apilimod and YM201636 would cause a defect of Ii processing and MHC class II trafficking. To address this hypothesis, we first assessed the effects of apilimod or YM201636 treatment on plasma membrane localization of MHC class II. Flow cytometry experiments with an antibody recognizing the extracellular domain of MHC class II revealed that apilimod or YM201636 treatment caused a small (10%-20%) but consistent reduction of the presence of MHC class II at the plasma membrane ( Figures 4A and 4B ). In contrast, total cellular levels of MHC class II, measured by immunolabeling in the presence of a detergent, were unaltered or even (inconsistently) increased ( Figure 4C ). Similar observations were made with dendritic cells derived from mouse bone marrow ( Figures S4A-S4C ). We also performed flow cytometry experiments with an antibody recognizing Ii or CLIP-bound to abMHC class II (clone CerCLIP.1; Denzin et al., 1994) , revealing that the presence of this inactive form of MHC class II was also reduced at the plasma membrane, whereas the total cellular levels were increased ( Figures S4D-S4F ). The defect in processing of CLIP upon PIKfyve inhibition was also observed by western blot with mouse bone-marrow-derived dendritic cells using an antibody recognizing the Iip10 fragment ( Figures S4G and S4H ). Here, we used the CatS inhibitor LHVS (morpholinurea-leucine-homophenylalanin-vinylsulfone-phenyl) as a positive control (Palmer et al., 1995; Riese et al., 1998) . A direct inhibition of CatS with LHVS also had a similar effect on MHC class II trafficking as PIKfyve inhibition with apilimod or YM201636 ( Figures S4I and S4J ). Microscopy imaging of phagocytic cells overexpressing fluorescently tagged MHC class II showed that MHC class II is recruited to phagosomes after zymosan uptake (Video S3). Immunofluorescence microscopy showed that treatment with PIKfyve inhibitors showed increased accumulation of endogenous MHC class II on the phagosomes ( Figures 4D and 4E ), suggesting a trafficking defect. Together, these results show that PIKfyve supports CatS activity and thereby regulates the proteolytic activation of MHC class II.
The Inactivation of Cathepsin S upon PIKfyve Inhibition Is due to Oxidative Modifications
In dendritic cells, NOX2 produces large amounts of ROS within the lumen of endosomes and phagosomes, and this ROS production is sustained for hours after uptake (Dingjan et al., , 2017a (Dingjan et al., , 2017b Jancic et al., 2007; Joffre et al., 2012; Kotsias et al., 2013; Mantegazza et al., 2008; Nunes et al., 2013; Savina et al., 2006; Vulcano et al., 2004) . ROS alter the processing of the ingested antigen for MHC classes I and II presentation (Hari et al., 2015; Mantegazza et al., 2008; Rybicka et al., 2012) , with one of the mechanisms being the oxidative modification of a cysteine located within the catalytic site of CatS (Allan et al., 2014; Hari et al., 2015; Jancic et al., 2007; Kanai et al., 2001; Rybicka et al., 2012) . In line with this, treatment of cells with the membrane-permeable organometallic compound phenylarsine oxide, which modifies cysteines, resulted in an inhibition of CatS, but not or less of cathepsins B and X ( Figures 5A and 5B) , indicating that the activity of CatS is particularly sensitive to cysteine modifications. We recently showed that NOX2 is already present at nascent phagosomes, because the catalytic subunit gp91 phox of NOX2 is co-invaginated from the plasma membrane together with the antigen during phagocytosis (Dingjan et al., 2017a) . Moreover, NOX2 requires the presence of PI(3,4)P 2 and/or PI(3)P for its activity and is active on early phagosomes (Anderson et al., 2010; Ellson et al., 2001b; Groemping and Rittinger, 2005; Kanai et al., 2001) . We also showed that even though NOX2 resides in lysosomal compartments in naive dendritic cells, it is gradually removed from phagosomes during their conversion into LAMP1-positive phagolysosomes (Dingjan et al., 2017a (Dingjan et al., , 2017b . As our data show that blockage of PIKfyve led to an accumulation of PI(3)P on phagosomes ( Figures  2C and 2D ) and delayed the conversion of early into late endo/phagosomes, we hypothesized that the reduced CatS activity was caused by an increased ROS production resulting from a prolonged presence and increased activity of NOX2. The presence of phagosomal NOX2 upon PIKfyve inhibition by apilimod and YM201636 was assessed using immunofluorescence staining for its main catalytic subunit gp91 phox (Dingjan et al., 2017a (Dingjan et al., , 2017b . Treatment with apilimod and YM201636 resulted in a prolonged presence of gp91 phox at zymosan-containing phagosomes compared with the DMSO control ( Figures 5C and 5D ). We also measured ROS production in cells pulsed for 1 hr with zymosan using two different assays. First, apilimod treatment resulted in an increased extracellular presence of H 2 O 2 as measured with the Amplex Red assay (Figure 5E ). Second, intra-phagosomal ROS production was measured with zymosan particles conjugated to the ROS-sensitive probe OxyBURST (Dingjan et al., 2017a) , and this also showed an increased ROS production upon PIKfyve inhibition with apilimod or YM201636 ( Figures 5F and  5G ). Our data suggest that CatS is more sensitive to oxidative modifications than other cathepsins, and the increased ROS production upon PIKfyve inhibition can thereby explain the reduced activity of CatS (but not B and X) in cell lysates ( Figure S3 ). Together, we conclude that PIKfyve inhibition results in an increased production of ROS within endo/phagosomes and that this leads to a reduced activity of CatS, which is more prone to oxidative modifications than cathepsins B and X.
PIKfyve Inhibition Impairs MHC Class II Presentation
In the final set of experiments, we tested whether inhibition of PIKfyve would lead to impaired MHC class II antigen presentation. We first performed a classical T cell activation assay with T cells isolated from transgenic OT-II mice (Barnden et al., 1998) . CD4 + T cells from these mice carry a T cell receptor specifically recognizing ovalbumin residues 323-339 (OVA 323-339 ) presented on H-2IA b MHC class II. Apilimod treatment resulted in an 25% reduction of production of interferon (IFN) g by the OT-II T cells over time, whereas YM201636 even completely blocked IFNg release ( Figures S5A and S5B) . However, the long incubation times with apilimod or YM201636 required for T cell activation, reduced the viabilities of both the dendritic cells and OT-II T cells by 20%-40% ( Figures S5C and S5D) . Moreover, as expected, surface presentation of MHC class II in those experiments was reduced by 10-30% upon PIKfyve inhibition (Figures S5E and S5F) . Because of these effects, the impaired activation of T cells upon PIKfyve inhibition cannot be solely attributed to lower antigen presentation. Indeed, control experiments showed that both apilimod and especially YM201636 blocked T cell activation independent of antigen presentation, as these compounds resulted in reduced production of IFNg and lower surface expression of the activation markers CD25 and CD69 ( Figure S6 ). Thus, although we observed a reduction of T cell activation by inhibition of PIKfyve, this is probably mainly caused by direct effects of apilimod and YM201636 on the T cells and the T cell activation assay does not allow to discern direct effects on MHC class II presentation.
To overcome this problem, we developed a new method allowing for direct visualization of MHC class II presentation. This is based on a recently developed assay for visualization of MHC class I presentation (Pawlak et al., 2015 (Pawlak et al., , 2016 , and employs synthetic peptides as antigen carrying a non-natural amino acid amendable to bio-orthogonal ligation with fluorescent dyes. Based on the crystal structure of a complex of human HLA-DR1 MHC class II with influenza A virus hemagglutinin (HA) (strain A/Aichi/2/1968 H3N2) peptide (322-334 amino acid positions; PKYVKQNTLKLAT; HA 322-334 ) (Stern et al., 1994; Zavala-Ruiz et al., 2004) , we synthesized a peptide consisting of the MHC class II epitope of influenza extended both N and C terminally with four natural amino acids (YGACPKYVKQNTLKLATGMRN; HA 318-338 ) ( Figure S7 , related to Table S1 ). This extended peptide needs to be processed and loaded by HLA-DM in MIIC to (C) Confocal images of representative dendritic cells pulsed with zymosan for 15, 30, or 120 min in the presence of apilimod (200 nM) or YM201636 (4 mM) for 3 hr and immunostained for gp91 phox . Yellow arrowheads, gp91 phox -positive phagosomes. Scale bar, 5 mm. (D) Quantification of (C); Gp91 phox -positive phagosomes were counted and normalized to the total number of phagosomes per cell (mean G SEM for three donors, 300 phagosomes per condition). (E) Extracellular H 2 O 2 measurements with Amplex Red assay for dendritic cells treated for 3 hr with apilimod and 1 hr with zymosan. (F and G) Phagosomal ROS production determined with zymosan labeled to both OxyBURST and Alexa Fluor 633 (AF633) and confocal live imaging. Cells were treated for 3 hr with apilimod (F) or YM201636 (G) and incubated for 1 hr with zymosan-OxyBURST/AF633. Signals from OxyBURST signal were normalized to that of AF633 (3,000 phagosomes per condition; individual donors shown). *P < 0.05, **P < 0.01, ***P < 0.001. be presented on MHC class II. The central lysine (K326) was converted into a propargylglycine. Modeling indicated that the alkyne moiety of propargylglycine is solvent accessible when this peptide is bound to MHC class II ( Figure 6A ). This alkyne moiety can be conjugated to CalFluor-488, which increases the fluorescence signal by two orders of magnitude, resulting in a low signal-to-noise ratio . Moreover, the alkyne moiety is only three carbon atoms in size and does not (or less) perturb the molecular mechanisms of antigen processing and presentation, in contrast to large fluorophores, and survives the harsh environment in lysosomes (Bakkum et al., 2018) . By incubating human dendritic cells with bio-orthogonal functionalized peptide HA 318-338 , we could show increased MHC class II presentation over time for at least up to 5-hr incubation ( Figures 6B-6D and S8) . Moreover, no increase in CalFluor-488 signal was observed with negative control experiments with a wild-type HA 318-338 peptide (without propargylglycine) or the HA 322-334 epitope, which cannot be processed for HLA-DM loading onto MHC class II, or by proteolytically cleaving surface-exposed MHC class II with trypsin. Compared with the 5-hr time point, longer incubation (18 hr) led to reduction of the CalFluor-488 signal, suggesting that the peptide was internalized and/or degraded by the cells (Figure S8) . When apilimod or YM201636 was present during the last 3 hr of 5-or 7-hr incubation with the bio-orthogonally functionalized peptide HA 318-338 , the signals from CalFluor-488 were consistently reduced by 20%-80% (depending on the donor) ( Figures 6C-6E) , demonstrating that these drugs directly blocked presentation of the HA antigen. Thus using bio-orthogonal functionalized antigenic peptide, we could demonstrate that blockage of PIKfyve leads to impaired MHC class II antigen presentation. Table S1 .
DISCUSSION
In this study, we studied the role of PIKfyve in MHC class II antigen presentation by dendritic cells. Our data confirm the key role of PIKfyve in phagosome maturation (Compton et al., 2016; Dayam et al., 2017; Dove et al., 2009; Gayle et al., 2017a; Gomez et al., 2018; Hazeki et al., 2012; Ikonomov et al., 2009; Kerr et al., 2010; Kim et al., 2014b; Krishna et al., 2016; Sbrissa et al., 2007 Sbrissa et al., , 2012 and treatment of dendritic cells with apilimod and YM201636 blocked recruitment of LAMP1, M6PR, and CatS to phagosomes. A still open question is via which mechanisms the reduced levels of cellular PI(3,5)P 2 cause these trafficking defects. Endosomal maturation via the conversion of Rab5-to Rab7-positive membranes by the endosomal tethering complexes CORVET (class C core vacuole/endosome tethering) and HOPS (homotypic fusion and protein sorting) is well understood (Balderhaar and Ungermann, 2013) . The role of PI(3,5)P 2 and downstream effectors of PI(3,5)P 2 in endosomal maturation is uncertain, and PI(3,5)P 2 might govern trafficking events via several possible mechanisms. The best characterized downstream effector of PI(3,5)P 2 is the cation channel TRPML1; its activity directly depends on PI(3,5)P 2 . However, it is also not known if and how TRPML1 affects endo/phagosomal maturation. As TRPML1 triggers the efflux of Ca 2+ from lysosomes to the cytosol, one possibility is that it might be able to activate ALG-2, a dynein-interacting protein sensitive to Ca 2+ . Dyneins promote retrograde vesicular migration along the tubular tracks, and this might somehow facilitate endosome-lysosome fusion (Li et al., 2016) . Alternatively or additionally, the increased Ca 2+ efflux might directly promote intracellular fusion events via Ca 2+ -sensing proteins (Hay, 2007) . Another downstream effector of PI(3,5)P 2 is the V-ATPase, as yeast strains with mutations in the PIKfyve ortholog Fab1p showed impaired vacuolar acidification (Li et al., 2014) , and this might explain the reduced acidification upon pharmacological inhibition or siRNA knockdown of PIKfyve.
Our results showed that the blockage of phagosome maturation by PIKfyve inhibition resulted in reduced activity of CatS and B, but not of cathepsin X. Our data suggest that the reduced activity of CatS upon apilimod or YM201636 treatment might be attributed to both a reduced trafficking to phagosomes and an increased ROS production by NOX2. Our microscopy data show that CatS trafficking to LAMP1-positive phagosome relies on PIKfyve activity. Moreover, we showed that NOX2-produced ROS affect cysteine cathepsins, including CatS, because the ROS can modify cysteines within their catalytic cores (Allan et al., 2014; Hari et al., 2015; Jancic et al., 2007; Rybicka et al., 2012) . The increased ROS production caused by a prolonged presence of NOX2 at phagosomes upon apilimod or YM201636 treatment might even be amplified by higher phagosomal levels of PI(3)P, which might enhance NOX2 activity through NOX2 subunit p40 phox binding to PI(3)P by its PX domain (Anderson et al., 2010; Ellson et al., 2001b; Groemping and Rittinger, 2005; Kanai et al., 2001 ). An open question is why addition of zymosan reduced the inactivation of cathepsin B and S. As we also observe this effect in our lysate controls, perhaps the zymosan particles sequester ROS species and thereby prevent the oxidative modification of CatS. This suggests that the NOX2-mediated reduction of CatS activity will mainly have physiological relevance in the absence of phagocytic cargo, and thereby might be involved in the maintenance of self-tolerance (Steinman and Nussenzweig, 2002) , for instance, for the induction of Th2 responses by immature dendritic cells (Na et al., 2016) . In any case, our data show that PIKfyve-mediated phagosomal maturation affects the activity of cysteine cathepsins via NOX-produced ROS, and this can modulate the epitope repertoire for MHC presentation (Balce et al., 2011; Rybicka et al., 2010 Rybicka et al., , 2012 . Because NOX2 mediates the disulfide reduction of protein antigens (Ewanchuk and Yates, 2018) , the effects of NOX2-produced ROS on antigen processing will be even more pronounced. Only linear peptide/protein stretches are accessible to proteases for cleavage, hence all inter-and intra-disulfide bonds have to be reduced before antigen processing (Bogunovic et al., 2010) , as has been also demonstrated for MHC class II with model antigens (Jensen, 1991) . g-Interferon-inducible lysosomal thiol reductase activity can be inhibited by ROS, and this may cause different antigen processing patterns leading to altered repertoires of peptides for presentation, because some of the proteins cannot be unfolded and are therefore not accessible to proteinases for degradation (Ewanchuk and Yates, 2018) .
In addition to the proteolytic processing of ingested antigens, CatS mediates the activation of MHC class II in MIIC via the processing of Ii to CLIP and is thereby required for antigen presentation (Nakagawa et al., 1999; Riese and Chapman, 2000; Shi et al., 1999) . Our data show that inhibition of PIKfyve by apilimod or YM201636 results in an accumulation of Iip10, the precursor of CLIP, and in reduced trafficking of MHC class II to the cell surface. This is in line with the finding that the inhibitor of PIKfyve AS2795440 caused a marked reduction of surface MHC class II expression on CD45R + B cells in anti-IgM-stimulated whole blood from rats (Terajima et al., 2016) . These findings can be explained by the decreased activity of CatS, as incomplete invariant chain degradation is known to result in disturbance of MHC class II presentation and blockage of MHC class II transfer from endocytic compartments to the cell surface (Brachet et al., 1997; Riese and Chapman, 2000) , as confirmed by our experiments with the CatS inhibitor LHVS. The proteolytic truncation of Ii to MHC-class-II-bound CLIP peptide is a prerequisite for antigen loading and thereby for MHC class II antigen presentation (Roche and Furuta, 2015) , and surface trafficking of MHC class II is important for successful antigen presentation (Rocha and Neefjes, 2008) . This might explain the reduced presentation of influenza virus HA 322-334 on HLA-DR1 by human dendritic cells upon YM201636 or apilimod treatment. Unsurprisingly, we also observed reduced activation of CD4 + T cells upon PIKfyve inhibition, although this is probably caused by the combined effects of (1) reduced uptake of antigen, (2) blocked production of IL-12/ IL-23 and type I IFN (Cai et al., 2013 (Cai et al., , 2014 , (3) reduced MHC class II presentation, (4) reduced cell viability of both the dendritic cells and T cells, and (5) other direct effects of apilimod and YM201636 on T cells.
To overcome this, we developed a new universal assay allowing for the direct visualization of MHC class II antigen presentation. This assay is an adaptation of a recent assay to measure antigen presentation on MHC class I (Pawlak et al., 2015 (Pawlak et al., , 2016 and is based on synthetic peptides containing an MHC class-IIcompatible epitope (in this case from HA residues 318-338 containing epitope residues 322-334). One residue on the epitope, which remains solvent exposed when bound to MHC class II, is converted to a non-natural propargylglycine, which contains an alkyne moiety of only three atoms in size. In contrast to large fluorescent labels, peptides carrying propargylglycine can still be proteolytically processed and loaded onto MHC class II. After fixation of the cells, the peptide bound to MHC class II at the surface of the dendritic cells can be labeled with CalFluor dyes that increase in fluorescence signal by orders of magnitude . As previously shown for MHC class I (Pawlak et al., 2015 (Pawlak et al., , 2016 , this signal increase allows for the detection of the limited amounts of MHC class-II-presented epitopes by flow cytometry. In contrast to assays that assess T cell priming and rely on co-stimulatory factors, such as the OT-II assay, the assay developed in this study provides a direct and quantitative readout of MHC class II presentation and is easily adaptable for different antigens and MHC haplotypes.
In conclusion, we showed that the phagosomal maturation driven by phosphoinositide kinase PIKfyve is essential for MHC class II antigen presentation (Figure 7) . Disruption of this process by the PIKfyve inhibitors apilimod and YM201636 delays the maturation process of the phagosome. Delayed phagosomal Figure 7 . Delayed Phagosomal Maturation Results in a Reduced MHC Class II Antigen Presentation Model figure showing antigen uptake by a dendritic cell and subsequent processing within phagosomes by ROS and cathepsins. Upon phagosomal maturation, MHC class II bound to Ii is trafficked to the phagosome where cathepsin S is involved in the processing of Ii to CLIP, which can then be exchanged by an antigen to be presented by MHC class II on the cell surface. Inhibiting PIKfyve delays phagosomal maturation, and due to prolonged ROS formation, cathepsin S becomes oxidized and deactivated, thereby blocking CLIP-to-antigen exchange and eventually resulting in impaired antigen presentation. maturation, in turn, results in elevated levels of ROS thereby deactivating CatS, which plays a key role in the proteolytic cleavage of Ii to CLIP and is essential for MHC class II antigen presentation. PIKfyve inhibition results in an incomplete processing of CLIP, and Ii-bound MHC class II is retained in phagosomes. Apilimod is proposed as a promising treatment for multiple variations of B cell non-Hodgkin lymphoma (NHL) due to its cytotoxic effect on B-NHL cancer cells lines (Gayle et al., 2017b) and was used in clinical trials for blocking IL-12/IL-23-mediated Th1/17 pro-inflammatory response in Crohn disease, psoriasis, and rheumatoid arthritis (Burakoff et al., 2006; Krausz et al., 2012; Sands et al., 2010; Wada et al., 2007 Wada et al., , 2012 . As concluded from NHL cancer cell line experiments, these cells have maximal sensitivity to apilimod, due to non-understood modulatory effects of PI(3,5)P 2 on the transcription factor TFEB and apilimod leading to elevated expression of genes coding for lysosomal proteins, resulting in lysosomal swelling and disruption of lysosomal homeostasis and maturation, proliferation block, and cell death. In addition, PIKfyve might be a potential target for targeting solid tumors, as it plays a role in metastasis and promotes cancer cell migration and invasion together with the phosphoinositide phosphatase myotubularin-related protein 3 (MTMR3), which converses PI(3,5)P 2 to PI(5)P (Oppelt et al., 2014) . Depletion of PIKfyve and MTMR3, as well as inhibition of PIKfyve alone by YM201636, resulted in decreased in vitro migration of cancer cell lines of lung, rhabdomyosarcoma, and osteosarcoma origins (Oppelt et al., 2014) , indicating that PIKfyve could be a novel therapeutic target in cancer migration. However, our results show that inhibition of PIKfyve impairs antigen presentation by dendritic cells and reduces activation of T cells. These effects on immune activation must be taken into account in clinical trials targeting PIKfyve.
Limitations of the Study
In this study, we addressed the role of phagosomal and endosomal maturation of MHC class II presentation with a focus on the phosphoinositide kinase PIKfyve. Most of our results are obtained using the small molecule inhibitors that are shown to be specific for PIKfyve: apilimod (Cai et al., 2013) and YM201636 (Jefferies et al., 2008) . We confirmed that PIKfyve inhibition with these compounds was similar to PIKfyve siRNA knock down in primary human monocyte-derived dendritic cells, and both resulted in formation of enlarged endosomes, delayed phagosomal acidification, and delayed LAMP1 recruitment. However, the efficiency of our siRNA knockdown was incomplete, leading to less pronounced functional effects compared with the inhibitors. Our work could benefit from stable knockdown/out of PIKfyve to demonstrate that all experiments with drug inhibitors are comparable to knockout. However, the primary human monocyte-derived dendritic cells used in our study are terminally differentiated and not amenable to CRISPR/Cas knockout.
A potential caveat of our study is that we only managed to immunolabel endogenous CatS, but not the other two cathepsins X and B. Therefore we cannot draw clear conclusions on the effects of PIKfyve inhibition on the trafficking of those cathepsin species.
We admit that MHC class II labeling with CalFluor-488 method has still some limitations, mainly a low signal-to-noise ratio, which is likely caused by a low number of MHC-class-II-presented epitopes. Additional optimizations of this method will be required in future.
In our live cell microscopy experiments we followed the trafficking of MHC class II to phagosomes, revealing that a large portion of it is recruited from the cell surface during formation of the phagosome. However, we only followed the fate of MHC class II during PIKfyve inhibition for a short time and never studied longer time points after zymosan uptake. It would be interesting to determine whether MHC class II also reaches phagosomes from an intracellular pool, as we recently showed for NOX2 (Dingjan et al., 2017a) .
Our study raises the key open question as to which effectors of PI(3,5)P 2 mediate phagosomal maturation, as explained in the Discussion section. It would be interesting to identify those in the future.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file. Cai, X., Xu, Y., Kim, Y.M., Loureiro, J., and Huang, Q. (2014) . PIKfyve, a class III lipid kinase, is required for TLR-induced type I IFN production via modulation of ATF3. J. Immunol. 192, [3383] [3384] [3385] [3386] [3387] [3388] [3389] Calafat, J., Nijenhuis, M., Janssen, H., Tulp, A., Dusseljee, S., Wubbolts, R., and Neefjes, J. (1994) . Major histocompatibility complex class II molecules induce the formation of endocytic MIIC-like structures. J. Cell Biol. 126, 967-977. Castellino, F., and Germain, R.N. (1995) . Extensive trafficking of MHC class II-invariant chain complexes in the endocytic pathway and appearance of peptide-loaded class II in multiple compartments. Immunity 2, 73-88.
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